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INTRODUCTION  AND  BACKGROUND 


During  Che  decade  following  the  Arab  oil  embargo,  an  increase  occurred 
in  both  the  variety  and  variability  of  petroleum  feedstocks  for  the  produc¬ 
tion  of  middle  distillate  fuels.  As  a  result,  the  variability  and  the 
chemical  constitution  of  currently  used  middle  distillate  fuels  are  differ¬ 
ent  from  those  used  before  1970.  Problems  have  arisen  in  the  use  of  spec¬ 
ifications  developed  empirically  from  experience  with  fuels  of  the  older 
composition.  In  a  few  Instances,  a  fuel  that  met  specification  on  delivery 
quickly  became  so  unstable  in  storage  as  to  become  unusable.  Therefore, 
new  fuel  specifications  based  more  directly  upon  the  chemical  constitution 
of  the  fuel  are  needed.  This  requires  the  development  of  new  methods  for 
distillate  fuel  analysis  capable  of  providing  rapid  and  detailed  informa¬ 
tion  on  the  chemical  composition  of  the  distillate  fuels. 

For  the  past  several  years,  SRI  International's  unique  Field  Ioniza¬ 
tion  Mass  Spectrometer  (FIMS)  has  provided  detailed  quantitative  informa¬ 
tion  on  the  composition  of  diesel  and  jet  fuels  derived  from  oil-shale, 
coal,  and  petroleum.  Because  field  ionization  is  a  very  soft  technique  of 
ionization,  it  produces  molecular  ions  only  for  most  of  the  fuel  compon¬ 
ents,  with  very  little  fragmentation,  and  this  makes  analysis  by  FIMS  rela¬ 
tively  simple.  Complete  and  quantitative  molecular  weight  distributions  on 
all  of  the  types  of  hydrocarbon  compounds  present  in  these  fuels  previously 
required  a  time  consuming  chromatographic  separation  of  the  fuel  into 
several  fractions.  Each  of  these  fractions  was  then  analyzed  separately  by 
FIMS.  The  purpose  of  the  current  effort  (NRL  Contract  No.  N00014-81-K- 
2032)  is  to  develop  a  high  resolution  FIMS  facility  capable  of  providing  a 


rapid  and  complete  quantitative  analysis  of  distillate  fuels  without  the 
need  for  a  chromatographic  separation  step. 

A  low  resolution  mass  spectrometer,  which  is  capable  of  separating 
ions  differing  by  a  full  mass  unit,  is  not  capable  of  resolving  many  of  the 
different  components  present  in  a  hydrocarbon  fuel.  Compound  classes  such 
as  saturates  and  naphthalenes  have  the  same  nominal  masses,  but  different 
molecular  formulae  and  correspondingly  different  mass  defects.  Thus,  for 
both  nonane  (C9H20)  and  naphthalene  (C10H3),  the  molecular  ions  would 
result  in  a  single  peak  at  m/z  128  with  a  low  resolution  mass  spectrometer, 
but  would  appear  as  a  doublet  in  a  high  resolution  instrument  because  the 
exact  masses  of  these  compounds  are  128.1565  and  128.0626,  respectively. 

The  resolving  power  (M^M)  necessary  to  separate  all  saturates  from 
the  naphthalenes  up  to  mass  300  is  3,200.  The  saturates/naphthalenes  pair 
is  one  of  the  several  examples  of  C-H^  doublets.  Others  in  this  category 
Include  tetrallns/pyrenea,  trlcycloalkanes/phenanthrenes.  In  all  these 
cases,  the  latter  compound,  which  is  of  the  same  nominal  mass  as  the  former, 
has  one  more  carbon  and  twelve  less  hydrogens.  In  each  case,  a  resolving 
power  of  3,200  is  sufficient  to  resolve  the  doublets  up  to  mass  300. 

As  the  resolution  of  the  mass  spectrometer  increases,  it  becomes  pos¬ 
sible  to  separate,  detect,  and  quantitate  minor  components  of  a  fuel  con¬ 
taining  heteroatoms  such  as  oxygen,  nitrogen,  and  sulfur.  Table  1  shows  the 
resolving  power  that  is  required  to  separate  possible  mass  doublets  at  m/z 
300,  the  molecular  weight  of  the  heaviest  components  expected  in  a  middle 
distillate  fuel.  The  mass  doublets  in  Table  1  were  selected  as  those  most 
likely  to  be  encountered  in  a  field  ionization  mass  spectrum,  which  consists 
almost  entirely  of  molecular  ions.  The  doublets  are  listed  in  decreasing 


Table  1 


RESOLVING  POWER  REQUIRED  TO  SEPARATE  POSSIBLE 
MASS  DOUBLETS  AT  m/z  300 

Mass  Required  Resolving 

Doublet  AM  x  1000  Power  at  m/z  300 


C-H12 

93.9 

3,200 

S-C2Hq 

90.6 

3,300 

o-ch4 

36.4 

8,200 

^2-^2®4 

25.1 

11,900 

s-o2 

17.8 

16,900 

,4SH2-C3 

16.5 

18,200 

13co-n2h 

15.7 

19,100 

co-n2 

11.2 

26,700 

13c2-c2h2 

8.9 

33,600 

n-13ch 

8.11 

37,000 

c3-sh4 

3.37 

89,000 

Note  to  Table  1:  The  resolving  power  tabulated  Is  that  necessary  to 
separate  two  peaks  of  equal  Intensity  such  that  the  valley  between  them  is 
10%  of  their  height.  If  one  peak  is  very  much  smaller  than  the  other,  the 
resolving  power  required  to  quantitate  the  smaller  peak  increases  by  an 
amount  that  depends  on  the  details  of  the  mass  spectometer  peak  shape. 


order  of  mass  difference  or  increasing  values  of  the  resolving  power  required 
to  separate  them.  The  separation  of  S-C2H8  doublet  *8  slightly  more 

difficult  than  the  C-Hj^  doublet  requiring  a  resolving  power  of  3,300. 
However,  there  is  another  doublet  involving  sulfur  that  is  much  more  diffi¬ 
cult  to  separate.  The  last  entry  in  Table  1  shows  that  a  resolving  power 
of  89,000  is  required  to  separate  the  C3-SH4  doublet.  However,  the  corres¬ 
ponding  doublet  for  the  sulfur-34  isotope  can  be  separated  at  only  18,200 
resolving  power.  Because  sulfur-34  is  present  at  the  level  of  4.2%  natural 
abundance,  there  is  at  least  the  possibility  of  detecting  major  sulfur  com¬ 
ponents  from  the  presence  of  this  isotope  peak.  It  is  unlikely  that  a 
resolving  power  of  89,000  will  be  obtained  in  the  foreseeable  future  with 
the  high  resolution  FIMS. 

Nitrogen  is  the  most  abundant  and  most  important  heteroatom  found  in 
refined  middle  distillate  fuels  from  shale.  In  a  molecular  ion  spectrum, 
the  N-1^CH  doublet  will  be  encountered,  which  requires  37,000  resolving 
power  to  separate  at  m/z  300. 

Increased  resolution  can  be  attained  only  at  the  expense  of  sensitivity. 
To  date  we  have  been  operating  the  spectrometer  at  a  resolving  power  of 
3,300  to  4,000 — our  primary  goal  being  to  resolve  the  C-H^  doublet. 

This  report  describes  the  work  performed  during  the  period  June  1982 
to  August  1984.  Before  this  period,  a  used  high-resolution  mass  spectro¬ 
meter  had  been  procured,  refurbished,  equipped  with  an  SRI  volcano-style 
field  ionizer,  and  interfaced  with  a  Kratos  DS  55C  data  system  for  high 
resolution  mass  spectrometry,  and  these  aspects  are  discussed  only  briefly. 


DESCRIPTION  OF  EQUIPMENT  AND  SOFTWARE 


Each  of  the  major  elements  of  the  high  resolution  FIMS  analysis  system 
for  distillate  fuels  is  considered  separately  in  this  section. 

Field  Ionization  Mass  Spectrometer 

The  mass  spectrometer  used  in  this  work  is  an  MS-9  manufactured  by 
AEI,  Ltd.,  of  Manchester,  England.  It  is  a  double-focusing  mass  spectro¬ 
meter  with  90-degree  electric  and  magnetic  sectors.  This  instrument  was 
delivered  to  its  original  owner  in  1964  and  at  that  time  had  a  specified 
mass  resolution  of  15,000.  When  received  at  SRI,  the  mass  spectrometer  had 
been  out  of  service  for  several  years.  It  was  completely  disassembled, 
cleaned,  and  reworked  to  bring  it  into  good  operating  condition.  In  the 
electron-impact  ionization  mode  using  the  original  ion  source,  a  mass  reso¬ 
lution  of  30,000  was  eventually  obtained. 

To  install  an  SRI  volcano-style  field  ionization  (FI)  source  on  the 
MS-9,  the  original  source  and  mounting  flange  were  removed  along  with  the 
original  solid  sample  probe  and  reentrant  connection  for  the  batch  inlet 
system.  To  make  room  for  the  field  ionization  source  and  some  new  ion 
lenses,  an  extension  of  the  original  source  housing  was  designed  and  built. 
Figure  1  shows  a  scale  drawing  of  a  cross  section  through  the  modified  MS-9 
source  housing.  The  new  housing  also  includes  provision  for  introducing 
solids  via  a  heated  direct  insertion  probe.  When  the  batch  inlet  is  used. 


One  of  Twelve  Feedthrus 


a  dummy  probe  is  inserted  that  caps  the  end  of  the  ionizer  to  prevent  escape 
of  gases  from  the  batch  inlet  into  the  source  housing;  instead,  the  gases  go 
through  the  ionizer.  This  is  shown  in  Figure  2.  Figure  3  shows  a  detail  of 
the  volcano-style  ionizer  when  used  in  conjunction  with  a  solids  probe. 

The  volcano-style  FI  source  used  in  this  project  was  designed  at  SRI 
by  Aberth  and  Spindt.^  The  ionizer  is  described  in  detail  in  the  Final 
Technical  Report  for  Contract  N000173-79-C-0462  entitled,  "Analysis  of 
Middle  Distillate  Fuels  by  Field  Ionization  Mass  Spectrometry."  Ions  pro¬ 
duced  by  the  field  ionization  of  fuel  molecules  are  accelerated  to  6  kV  and 
focused  into  a  small-diameter,  round  beam.  The  ions  then  pass  through  a 
dual  electrostatic  quadrupole  lens  assembly  that  provides:  (1)  strong 
focusing  of  the  ion  beam  onto  the  entrance  slit  of  the  MS-9  mass  spectro¬ 
meter,  and  (2)  a  means  of  transforming  the  round  ion  beam  Into  a  more  \ 

\ 

nearly  ribbon-shaped  beam  that  better  matches  the  shape  of  the  entrance  \ 
slit  to  the  mass  spectrometer. 

The  resolution  of  the  MS-9  equipped  with  the  FT  source  was  tested  with 
a  mixture  of  hydrocarbons  containing  both  saturates  and  naphthalenes  in  the 
molecular  weight  range  128  to  156.  The  instrument  could  easily  resolve  the 
molecular  ions  of  these  two  classes  of  compounds,  indicating  a  resolution 
of  greater  than  1600.  With  a  mixture  of  benzene  and  pyridine,  it  was  pos¬ 
sible  to  resolve  the  molecular  ions  of  pyridine  and  benzene  containing  a 
single  carbon-13  atom;  furthermore,  the  instrument  resolved  the  doublet  due 
to  the  latter  ion  and  the  1%  of  protonated  benzene  that  is  present  in  this 
system.  The  separation  of  this  minor  ion  from  the  molecular  ion  of  benzene 
with  one  carbon-13  requires  a  resolving  power  of  18,800;  as  shown  in  Figure  4 
this  power  has  been  slightly  exceeded. 
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FIGURE  2  DETAIL  SHOWING  THE  USE  OF  BATCH  INLET  WITH  THE  VOLCANO 
STYLE  FIELD  IONIZATION  SOURCE 


IONIZATION  SOURCE 


These  results  demonstrated  that  the  MS-9  could  be  interfaced  with  an  FI 
source  and  that  the  particular  instrument  has  the  needed  resolving  power. 
However,  for  routine  use  of  the  spectrometer,  a  number  of  alterations  were 
required.  These  modifications  are  discussed  below. 

The  magnet  current  regulation  unit  in  the  MS-9  was  found  to  become 
unstable,  and  thus  successive  scans  were  not  reproducible.  The  scan-to-scan 
variation  was  so  large  that  the  data  system  could  not  produce  a  valid  cali¬ 
bration  for  the  entire  run.  The  problem  was  found  to  be  a  weak  vacuum  tube 
in  the  magnet  current  regulator.  The  tube  was  one  of  a  matched  set  of  three 
high  power  vacuum  tubes  that  would  have  cost  $900  to  replace.  Rather  than 
invest  money  in  an  obsolete  unit,  we  designed,  built,  tested,  and  Installed 
a  new  solid  state  magnet  current  regulator  that  uses  power  MOSFET  transis¬ 
tors.  The  unit  has  been  operating  reliably  for  more  than  18  months  now. 

A  series  of  twelve  45-V  batteries  provided  the  necessary  potential  for 
the  electric  sector.  A  fraction  of  this  voltage  was  also  used  as  a  refer¬ 
ence  for  the  6-kV  ion  acceleration  power  supply.  The  batteries  needed  fre¬ 
quent  replacement,  and  often  it  was  noticed  that  the  time  centroids  of  a 
given  peak  would  change  during  a  run,  indicating  fluctuations  in  the  battery 
voltage.  The  problem  was  rectified  by  installing  a  custom-designed  530-V  DC 
power  supply  that  is  isolated  from  the  ground  by  better  than  10^®  ohms. 

Drift  is  less  than  10  ppm/°C. 

The  two  ion  gauge  controllers  on  the  MS-9  also  proved  to  be  too  unreli¬ 
able  for  routine  use.  The  calibration  of  the  ion  source  pressure  gauge  var¬ 
ied  by  a  factor  of  two  or  more  from  day  to  day.  The  analyzer  gauge  fre¬ 
quently  failed,  causing  the  entire  spectrometer  to  shut  itself  off.  Again, 
rather  than  invest  time  and  money  in  obsolete  vacuum  tube  technology,  we 


replaced  the  original  ion  gauge  controllers  with  two  Granville-Phillips 
Model  260  controllers.  This  required  the  modification  of  the  vacuum  system 
of  the  MS-9  to  accept  the  modern-style  ion  gauge  tubes  and  construction  of  a 
relay  Interface  unit  to  enable  the  new  ion  gauge  controllers  to  operate  the 
vacuum  interlocks;  the  latter  protect  the  high  voltage  power  supply,  ion 
source  controls,  and  the  ion  multiplier  from  possible  damage  due  to  loss  of 
high  vacuum. 

Noise  in  the  signal  line  caused  many  peaks  to  be  split  into  two  or  more 
peaks.  Therefore  a  two-stage,  low-pass  RC  filter  (1  KHz)  was  Installed  in 
the  signal  line  to  remedy  this  problem. 

High  Temperature  Batch-Inlet 

The  MS-9  was  originally  equipped  with  a  glass  batch-inlet  system  con¬ 
nected  to  the  electron-impact  source  by  a  metal,  four-way  valve.  The  four¬ 
way  valve  was  designed  to  allow  connection  of  either  the  batch  inlet  or  a 
separate  gas  inlet  to  the  electron-impact  ion  source.  In  addition,  the  ion 
source  could  be  Isolated  from  the  two  inlet  systems  and  the  high  vacuum 
could  be  applied  to  the  lines  leading  from  the  two  inlet  systems  to  the 
four-way  valve.  It  was  desirable  to  remove  this  valve  because  it  provided  a 
source  of  cross-contamination  between  samples,  its  metal  construction  could 
cause  selective  chemical  degradation  of  the  fuel  molecules,  and  the  large 
dead-volume  required  for  the  permanent  connection  to  the  FI  source. 

The  inlet  system  has  been  completely  rebuilt  and  connected  directly 


with  the  volcano-style  FI  source  by  means  of  a  heated  glass  and  quartz 
transfer  line.  The  sample  holder  is  sealed  to  the  batch  inlet  using  a  gold 
gasket  seal.  This  seal  was  not  reliable  and  has  allowed  air  to  leak  into  the 


system  on  a  few  occasions.  Careful  polishing  of  all  the  mating  surfaces  has 
improved  the  performance  considerably.  Although  currently  usable,  the  batch 
inlet  system  may  need  to  be  replaced  in  the  future.  The  batch  inlet  has 
been  operated  up  to  300°C,  however,  usually  it  is  operated  around  225°c, 
which  is  sufficient  to  get  a  normal  signal  for  compounds  as  large  as  £2(^51* 
(MW  366). 

High  Resolution  Mass  Spectrometry  Data  System 

A  number  of  commercially  available  data  systems  for  high  resolution 
mass  spectrometry  were  evaluated;  the  Kratos  DS-55C  was  chosen,  based  on  its 
superior  quality  and  low  cost.  The  system  hardware  consists  of  a  N0VA-4C 
computer,  a  Lear  Slegler  ADM5  monitor,  a  12-Megabyte  Winchester  disk,  and  an 
8-inch  floppy  drive.  Also  included  is  a  fast  preprocessing  board  for  rapid 
data  acquisition.  The  software  package  consists  of  an  Integrated  and 
Interrelated  set  of  programs  for  the  various  aspects  of  high  resolution  mass 
spectrometry.  These  include  routines  for: 

•  Control  of  the  mass  spectrometer 

•  Data  acquisition 

•  Time-to-mass  conversions 

•  Peak  averaging 

•  Quantitation  of  peaks 

•  Plotting  of  spectra 

•  Computation  of  molecular  formulae  from  accurate  mass  data 

•  Report  production. 

The  DS-55C  system  was  purchased  and  interfaced  with  the  mass  spectro¬ 


meter  with  Government  funds.  With  internal  funds,  SRI  purchased  and 
installed  a  Versatec  V-80  printer-plotter  and  the  interface  for  the  Nova-4C 
computer  for  use  on  this  project. 


Routine  use  of  the  mass  spectrometer  with  the  data  system  was  impeded 
by  several  problems  with  the  data  system  hardware;  the  most  elusive  problem 
was  the  occasional  failure  of  the  system  to  detect  signals  from  the  spectro¬ 
meter.  A  thorough  check  of  the  components  of  the  preprocessor  unit  revealed 
three  Instances  where  the  components  on  the  board  did  not  match  the  specifi¬ 
cations  in  the  circuit  diagrams.  The  necessary  changes  were  made  and  the 
problem  was  solved.  The  data  system  then  ran  automatically  for  ten  days 
continuously  without  a  single  failure. 

Software  for  Generating  Z-Tables 

Jet  fuels  are  likely  to  contain  anywhere  between  50  and  150  components. 
A  list  of  masses  and  their  intensities  would  be  a  cumbersome  way  to  present 
the  information  on  the  composition  of  these  fuels.  A  more  manageable  repre¬ 
sentation  would  be  a  matrix  in  which  homologous  series  of  different  compound 
classes  are  sorted  into  different  columns.  Because  most  of  the  fuel  compon¬ 
ents  are  hydrocarbons,  the  obvious  choice  of  compound  classification  is  that 
according  to  the  z-number,  where  z  is  defined  by  expressing  the  molecular 
formula  of  the  hydrocarbon  as  CnH2n+z* 

A  mass  scale  that  defines  the  mass  of  the  CH£  unit  as  14.0000  can  be 
used  to  sort  the  different  compound  classes,  since  in  this  scale  the  mass 
defect  of  any  given  class  will  be  the  same  throughout  the  mass  range.  Rather 
than  writing  a  new  computer  code  to  generate  a  z-table  from  the  raw  data,  we 
modified  an  existing  DS-55C  program.  The  original  program  was  designed  to 
calculate  the  elemental  composition  corresponding  to  each  peak  in  the  spec- 
trvm.  An  added  advantage  of  this  approach  is  that  the  intensities  of  C 


satellite  peaks  can  also  be  easily  added  to  the  intensity  of  the  parent  peak 


As  originally  written,  the  DS-55C  program  used  a  combinatorial  method 
to  calculate  all  of  the  possible  molecular  compositions  that  would  have  an 
exact  mass  within  some  specified  range  about  an  experimentally  measured 
mass.  Thus,  for  a  measured  mass  of  128.0643  (naphthalene),  the  program  would 
determine  that  either  CjQHg  (with  a  deviation  of  1.7  millimass  units),  or 

^CHy  (with  a  mass  deviation  of  6.1  millimass  units)  were  possible  elemental 
compositions.  If  a  heteroatom  such  as  sulphur  were  Included  in  the  combina¬ 
torial  search,  then  two  additional  compositions  would  be  found: 

(-1.7  millimass  units),  and  Cg  CHj^S  (2.8  millimass  units).  Once  these 
formulae  are  determined,  the  corresponding  z-number  is  easily  found  as: 

z-number  *  (number  of  hydrogen  atoms)  -  2  x  (number  of  carbon  atoms). 

In  this  way,  the  four  compositions  given  above  would  yield  z-numbers  of  -12, 
-13,  -2,  and  -3,  respectively.  By  assuming  that  the  first  elemental  compos¬ 
ition  having  an  even  z-number  is  the  most  likely  choice,  it  is  then  a  simple 
matter  to  enter  the  corresponding  measured  intensity  into  a  table  where  the 
rows  are  labeled  by  carbon  number  and  the  columns  are  labeled  by  the  z-number. 
In  the  present  case  of  naphthalene,  the  measured  intensity  of  the  peak  at 
mass  128.0643  would  be  included  in  the  table  entry  for  carbon  number  10,  and 
z-number  -12.  A  naphthalene  molecule  with  a  single  C  substitution  with  a 
measured  mass  of  129.0674  would  yield  elemental  compositions  of  ( 111388 

compositions  of  C^gHg  (deviation  *  -3.1  millimass  unit,  z-number  *  -11),  and 
Cg^CHg  (deviation  “1.4  millimass  units,  z-number  *  -12).  Because  the 
composition  has  the  even  z-number,  it  would  be  assumed  as  the  correct 
formula.  Note  that  it  too  has  a  carbon  number  of  10,  and  a  z-number  of  -12. 
Therefore,  its  intensity  would  be  added  to  the  intensity  of  the  unsubsti¬ 
tuted  naphthalene  already  included  in  the  table. 


Once  all  of  the  entries  In  the  table  have  been  computed,  their  intensi¬ 
ties  are  summed,  and  renormalized  to  a  total  intensity  of  100.0.  The  result¬ 
ing  table  of  percentages  can  then  be  printed,  plotted,  or  stored  for  future 
reference.  In  addition,  a  second  program  has  recently  been  written  that 
could  retrieve  the  stored  z-tables  from  different  runs,  and  compute  the 
average  and  standard  deviation  for  each  entry.  This  procedure  is  useful  in 
evaluating  the  reproducibility  of  the  analysis  method. 


ANALYSIS  METHOD 


In  general,  the  quantitative  chemical  analysis  of  a  complex  mixture 
requires  the  separation  of  that  mixture  by  one  or  more  means  into  individual 
components  or  groups  of  components.  The  amounts  of  each  of  the  separated 
fractions  or  components  are  then  determined.  In  earlier  work,  samples  of 
jet  or  diesel  fuels  were  separated  using  a  liquid  chromatography  procedure. 
Each  of  the  chromatographic  fractions  was  then  analyzed  further  by  gas  chro¬ 
matography,  or  FIMS  or  other  means.  The  method  being  developed  for  this 
project  is  based  on  simultaneous  separation  and  quantitation  of  fuel  mix¬ 
tures  by  high  resolution  FIMS.  The  general  procedure  is  described  below. 

Sample  Introduction 

Approximately  1-2  PL  of  liquid  fuel  together  with  0.5-1  pL  of  a  mixture 
of  benzene,  toluene,  and  isooctane,  which  serve  as  mass  markers,  are  intro¬ 
duced  into  a  high  temperature,  glass  batch-inlet  system  attached  to  the  high 
resolution  FIMS  instrument.  To  minimize  loss  of  volatile  components  during 
sample  introduction,  the  fuel  and  the  standard  mass-marker  mixture  are  taken 
in  micro-pipettes  (Microcaps,  Drummond  Scientific  Company,  Broomall,  PA)  and 
placed  inside  the  sample  holder.  Inside  the  evacuated  glass  batch-inlet 
system,  the  fuel  sample  vaporizes  completely.  A  portion  of  the  fuel  sample 
vapor  flows  into  the  ion  source  of  the  mass  spectrometer.  Because  all  of 
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the  fuel  sample  is  vaporized  at  the  same  time,  the  number  of  molecules  of  a 
specific  type  flowing  Into  the  ion  source  Is  directly  proportional  to  the 


ntnber  of  molecules  of  that  type  present  in  the  original  fuel. 

Ionization  and  Data  Acquisition 

The  field  ionization  source  in  the  mass  spectrometer  ionizes  sample 
molecules  into  molecular  ions.  The  molecular  ions  are  separated  according 
to  their  mass  by  the  spectrometer,  which  is  operated  at  a  mass  resolution  of 
3000  or  greater,  sufficient  to  completely  separate  the  molecular  ions  of  the 
different  hydrocarbon  types  present  in  the  original  fuel.  The  mass  spectro¬ 
meter  is  scanned  at  a  speed  of  120  seconds  per  decade.  A  scan  time  of  110 
seconds  plus  a  magnet  settling  time  of  10  seconds  allows  one  scan  to  be  com¬ 
pleted  every  2  minutes.  Typically,  10  to  15  scans  are  collected,  although 
the  amount  of  sample  used  is  sufficient  to  allow  two  to  three  times  as  many 
scans  if  so  desired. 

The  Kratos  DS-55C  data  system  requires  the  presence  of  a  large  number 
of  reference  peaks  in  the  kigh  resolution  mass  spectrum.  These  reference 
peaks  are  normally  produced  by  introducing  perf luorokerosene  (PFK)  into  the 
electron  impact  ion  source  together  with  the  sample.  Because  of  their  nega¬ 
tive  mass  defect,  the  numerous  fragmentation  peaks  of  PFK  are  easily 
resolved  from  most  of  the  sample  peaks  and  provide  good  mass  calibration. 
However,  field  ionization  produces  little  fragmentation  and  most  of  the  com¬ 
monly  used  reference  compounds.  Including  PFK,  are  unsuitable  for  use  as 
internal  mass  references  for  our  purpose.  We  have  solved  this  problem  by 
using  added  compounds  and  the  common  fuel  components  as  references.  A  mix¬ 
ture  of  benzene,  toluene,  and  isooctane  is  added  together  with  the  fuel 


sample.  Isooctane  is  one  of  the  few  compounds  that  even  under  field  ioniza¬ 
tion  undergoes  complete  fragmentation  to  give  t-butyl  ions.  This  is  advan¬ 
tageous  since  the  molecular  ion  of  isooctane  would  be  in  the  mass  range  of 
interest.  At  the  same  time,  isooctane  boils  at  a  high  enough  temperature  to 
allow  easy  handling.  The  fragment  t-butyl  ion  produced  from  isooctane  and 
the  molecular  ions  of  benzene  and  toluene  serve  as  the  autostart  masses  for 
the  time-to-mass  conversion  software.  A  combination  of  saturated  hydrocar¬ 
bon  and  alkylbenzene  peaks  are  used  as  reference  masses  for  the  rest  of  the 
mass  range.  Several  sets  of  reference  peak  masses  have  been  tabulated  and 
different  ones  are  used  for  different  types  of  fuels. 

Time  centroid  data  are  usually  collected  because  they  can  be  conveni¬ 
ently  reprocessed  in  the  event  of  an  incomplete  or  unsatisfactory  time-to- 
mass  conversion.  This  can  sometimes  be  a  problem  because  of  the  highly 
variable  fuel  composition  of  distillate  fuels  from  different  sources. 
Reprocessing  of  the  time-centroid  data  with  a  different  set  of  reference 
peaks  is  necessary  in  such  cases. 


Data  Processing 

Each  of  the  scans  of  ion  peak  intensity  is  stored  in  a  computerized 
high  resolution  mass  spectrometer  data  system,  which  averages  these  individ¬ 
ual  scans  and  calculates  the  accurate  masses  and  the  elemental  composition 
(chemical  formulas)  of  each  of  the  peaks  in  the  field  ionization  mass  spec¬ 
trum  of  the  fuel  sample.  This  information  enables  the  peak  intensities  to 
be  sorted  by  compound  type  (z-series)  and  the  number  of  carbons  present  in 
the  molecule.  The  final  result  of  the  analysis  is  a  table  showing  the  rela¬ 
tive  amounts  of  the  various  compounds  present  in  the  fuel  mixture,  organized 


by  z-series  and  carbon  number.  The  relative  field  ionization  signals  of 
each  component  of  the  fuel  can  be  converted  into  mole  fraction  of  that 
component  present  in  the  original  fuel  sample  by  using  measured  relative 
field  ionization  efficiency  data  for  known  compounds.  This  step,  as  yet, 
has  only  been  performed  manually,  but  it  will  be  incorporated  into  the  data 


system  shortly. 


TECHNICAL  RESULTS 


Analysis  of  a  Stable  and  an  Unstable  Fuel 

Two  marine  diesel  fuel  samples,  NRL  81-5  and  NRL  81-6,  have  been  ana¬ 
lyzed  by  HK-FIMS.  Fuel  81-5  was  typical  of  marine  diesel  fuels  and  behaved 
normally  In  use  and  In  storage.  Sample  81-6  was  from  a  lot  that  had  passed 
all  the  normal  specification  tests,  but  began  producing  large  amounts  of 
deposits  after  only  a  few  weeks  of  storage. 

High  resolution  FI  mass  spectra  of  the  two  fuels  are  shown  in  Figures  5 
and  6.  Both  fuels  span  a  similar  mass  range,  roughly  100  to  300  amu.  The 
intense  signal  at  m/z  260  is  due  to  1-phenyltridecane,  which  was  added  to 
the  fuel  to  assist  in  the  mass  calibration.  These  analyses  were  performed 
before  we  began  using  lsooctane  in  the  mass  marker  mixture.  The  z-series 
analysis  of  the  two  fuels  was  performed  manually  using  ionization  efficien¬ 
cies  that  were  developed  during  the  previous  contract  (N00173-79-C-0462) . 
Ionization  efficiencies  used  in  this  analysis  of  the  different  classes  of 
compounds  are  given  in  Table  2,  and  the  composition  of  the  fuels  according 
to  the  z-series  and  carbon  number  are  presented  in  Tables  3  and  4.  The 
fuels  have  similar  composition  for  most  classes  of  compounds;  the  main 
difference  is  the  relatively  large  amount  of  z  ■  -  12  (i.e.,  naphthalenes) 
and  a  correspondingly  smaller  amount  of  z  *  +2  (i.e.,  saturates)  in  the 
unstable  fuel.  This  result  is  in  concert  with  the  findings  of  Mayo  and 
coworkers, ^  who  have  implicated  alkylnaphthalenes  in  the  production  of  gum 
and  other  residues. 
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FIGURE  6  HIGH  RESOLUTION  FIELD  IONIZATION  MASS  SPECTRUM 
OF  UNSTABLE  FUEL  SAMPLE  NRL-81-6 
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Table  2 

REALTIVE  FIELD  IONIZATION 
SENSITIVITIES  FOR  HYDROCARBONS 
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COMPOSITION  OF  UNSTABLE  FUEL  NRL-81-6  BY  CARBON  NUMBESR  AND  Z-SERIES 
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The  above  analysis  was  made  on  the  assumption  that  only  hydrocarbons 
are  present  in  the  fuel.  The  resolution  of  the  instrument  does  not  permit 


separation  of  oxygen,  nitrogen,  and  sulfur  peaks  from  the  corresponding 
hydrocarbon  peaks.  We  are  currently  planning  installation  of  a  larger 
capacity  diffusion  pump  for  the  source  housing;  this  pump  will  permit  intro¬ 
duction  of  larger  amounts  of  sample,  and  we  hope  to  then  have  enough  signal 
intensity  to  increase  the  resolving  power  to  about  10,000.  This  will  permit 
resolution  of  oxygen  compounds  from  hydrocarbons. 

Standardization  of  the  Analytical  Procedure 

Analysis  of  fuel  samples  NRL  81-5  and  81-6  demonstrate  the  feasibility 
of  using  high  resolution  FIMS  for  chemical  characterization  of  distillate 
fuels.  However,  for  routine  application  it  is  necessary  to  standardize  the 
procedure  and  optimize  the  operating  conditions.  As  a  part  of  this  project, 
considerable  effort  was  expended  on  this  aspect  as  well.  For  this  work  sev¬ 
eral  test  mixes  were  prepared  and  analyzed  repeatedly.  One  test  mix  (Test 
Mix  2)  containing  34  pure  compounds  has  been  analyzed  more  than  50  times. 

The  test  mixes  were  prepared  by  accurately  weighing  out  the  pure  compounds 
and  storing  them  in  Teflon-sealed  vials.  Several  of  the  instrumental 
problems  discussed  in  an  earlier  section  were  detected  during  this  process 
of  repeated  analysis. 

Standardization  of  the  procedure  was  time  consuming  because  of  the  many 
alterations  needed  in  the  instrument.  Furthermore,  on  several  occasions  the 
volcano  FI  sources  were  deactivated  or  burnt  and  had  to  be  replaced.  The 
ion  currents  obtained  from  the  newer  sources  were  often  weak,  resulting  in 
poor  signal-to-noise  ratio  and  wide  variability  in  the  analysis.  We  have 


now  been  using  Ta-coated  volcano  FI  sources,  which  are  proving  to  be  very 
resilient  and  also  give  strong  ion  currents. 

With  these  changes  accomplished,  a  systematic  study  was  conducted  to 
determine  the  effect  of  various  operating  parameters  on  the  mass  spectrum; 
this  was  done  to  allow  determination  of  conditions  that  give  reproducible 
analyses  even  when  all  the  operating  parameters  are  not  exactly  the  same.  A 
representative  FI  mass  spectrum  of  Test  Mix  2  is  shown  in  Figure  7.  Figure 
8  shows  the  same  data  in  a  tabular  form  as  generated  by  the  data  system.  As 
can  be  seen  from  doublets  at  masses  112,  142,  168,  and  196,  the  mass  spec¬ 
trometer  is  operating  with  sufficient  resolution.  The  molar  amounts  of  each 
of  the  components  of  Test  Mix  2,  together  with  their  ionization  efficiencies 
relative  to  1-phenylheptane,  are  given  in  Table  5.  The  various  compounds 
have  been  grouped  according  to  their  z-values,  where  z  is  .determined  from 
the  chemical  formula  of  the  compound  when  expressed  in  the  form  CnH2n+z- 

The  ionization  efficiencies  of  saturated  hydrocarbons  generally  vary 
between  252  and  402  relative  to  1-phenylheptane.  Monocyclic  alkanes  ionize 
more  efficiently  than  the  saturates;  their  efficiencies  range  from  30%  to 
702.  Other  polycyclics  (z  ■  -2  and  -4)  also  fall  within  this  range.  Ioniz¬ 
ation  efficiencies  of  the  various  alkylbenzenes  are  around  1002,  with  the 
exception  of  p-xylene  and  n-propylbenzene,  which  are  around  70%.  The 
reduced  ionization  efficiency  for  the  lighter  components  may  reflect  some 
losses  during  the  f reeze-pump-thaw  cycle. 


Naphthalenes 


FIGURE  7  HIGH  RESOLUTION  FIELD  IONIZATION  MASS  SPECTRUM 
OF  TEST  MIX  2 


(/?!/«*  l». 


IfiNt- —  r>min  —  •  -fa  —  —  r>*N«M  r»%  —  _  •»••«>«  •  —  *m  <n  —  •  %**  •nM*  —  «.%*a*»»®  ®»»«®ar  00 

•fJ«N — tt —•«: rite —  ®  —  «i «»•  ®  %  —  ««[« —  «••••  »  ^  ©  * 4i aioi #>  «r aiei «  %  •  «  e  so  j 


v^r---tiM*nK)Nf<-««0jiANNaMmi«NNnNUin«N^9\MnNNVi»nnNMNNin  n jrnnrnn 


k««Mii)iA«4-*N«»tfMA«i«4nnKi044i«N Nr»  >a*n®  o>*»»  Nna  «io*ar*«»to  rma«N«NN 


N»aMdnN«N«ar««<M:inxNi«NMnnM««ni()iflNt«r<rxtfnNn«niri«inaBnN'<  nap>»an«KN«nuinnNiAN 
ai~^«a>«ba»»(s«^e«»^'"SM«<'4i/>>'r>«(s<rj  — «i'>rga}Ku,>Q^K-*K»QcilBU)C(C9C0QQ«*'>  4:Q^tt«k)iA^«(B«B(ata(s«taa> 


tr:  — — vo^o'%^00  —  Ncoa 

,  X.  •>aNrnN'*N<«uNiflfl)r>nu 
CW  -NM  K»  K» 

a»»-  “•  "• 


ort^MmraMarfs^ftsAiAarotfMiAamAtfiiwsortinoiraailxsiw  fa  <m  so  —  vsKarginTiNiA  »«•- 
NM«jMOSMin  — m^fgf'st.Jirr'iMfa.-fafasnrarae'  —  pivDo>\oo»rsfj<ao>'afsieaos«s;  — raw 

'n-n*N-N-j'nnnifl«f!NN-.-<-MNnMN9<mN-N  NNNiANr^4**NN<**Ninnf 
-  ta  —  O'  »in  k  •  *n  r»  ra  a  ion  r»s©  m  r 


•  r-  •a*kaM44N«*Mra«*NM«ii 

2*  «m»Nm<--»NNN->N«N»0 

C 


xm  —  in<  , “  . 

•  -  —  -X  «X  JvaiaMiivmrtMMM 
m  s ■  Wn  w  0«a«aaaaaaaa 


4n»raNViNiitnanN«a«NNn0arfi4a««tfaNaNNtfa4niA  na«NN»naNNnfc«*iO-»o 
»o'r^in(w  —  «D\A'<*(BOOv»«iirMviO"fi'ar>g(Vir«~<«(BN>-<(Bin(BMa}O'(Mn«'«0'  Namaao-io««»BNij»irr*4 
«aannN»Qli9tNNM>*|ra««tO«nSmaaMnnNMOi«iAiA-tt  BiOiacor<.iOiAaff>n«aniON>aN 

-KiiaaocorMiftttttattaQ 


o<n  u.  tjui 

—  *  in  IS 
*-<•*  <- 
<  u>  z  «»- 
Ml  N 

—  W-IOI 

Z  -MUVM- 

00<-<w 

—  *•►-** 


J2  N#a»-Nnatfii*N»i»^-NnawaNan»NnoiniiNaf»ii-NnaioaN«»ti-Nnaio  tfNVKtoMnaaaivaat^N 

«*  aaaNNNNNNN.sNNaaaaaaaaaaaanorvM'ff'O^niion^a^siaiixxooMM  HMMxNNNNNNNNNNnnn 


NkaftNNMnNOoat-aNnilank^iinr-Oto^NaNnMn-i-a. 

taic»«i»_oara.-4«i«»-«3a3*«i-e}«»Q-itii«aja»-teto(iJ®al«i-rj«ia»«irsiocaz« 


•  "liniillN  -NaMNNa*n4n-nr»^ 

***toN«i«i*  n« 


*4Hiin««NN>*NnNraann««Na»rNa«tN9ta«aaiA«KaNK«taNnM4aa«DK4«tfii)  *N***aatfiNanN«-N 
uNN-a-NMMr,n-ottNtoiCMON--ftin-N-«»onNa-N»iBaa-.-aaNNNinN-n«»Naa  NN*a%f*»Na-rt«(il»*» 

o  Min  —  73  —  ea  a  "ia  —  o,  —  os  r>  —  va  —  — Z  n>a  — <B  o  wmifi  so  —  mm-* 


Sltf  I  ---UIO>  M—Ci  I  IM*M  I  Mt  I  IftMMMM  I  —MM®  |  -f*  .  -IflMN-— »  I  --««)--■  «  -M  I  —  *  «f»  S0  £  Iff  IM  —  •  »  M— •»— -J 

~t'  n  m  m  a  -  m  hrn  mw  —  r>  ^  a  ^  •< 


HPinr*WNnno9M0r44aaliM«opin«(vnan«Aiv<N 


mtjab-iNar)NNnQNna-«'<t)»«Nan4«Nana 


«aaa-NnnNNaaamaN--aNfi  awKONaaa-ananf 
aUMNPNtiiNWQlinntiiNintibin  *M»«ar  — 

M  M  *S|  M  *V|MM- 


■»*-  K-u»inaif,inn-iaainN.nNNninaoanN.NaNirafiNNNNNPiNaaoaaaoiA-u»N-iAU>a  JJN 

-  B’at>u:ir',iC'»ior)rjni/>iMainnir.a-N4imNiDB1iOi*'iPf.NiAiON-a-KB»-onN(TjaRaiii(iBaNa  ippNCDNNioinaanNB'aa 

3k<  •■'jri-bi,JfJNNNn-a-i4id-^NN'<isio—fg  —  tOutivaNiMnO'-r>''HifliONNNff>n-aNNatfi  Mt.«*B'aa»qNaanN«iNa 


NJI0  SO  fa  mO  mmm 


ONa«N|OtOMtiooBM|||MNMNN*»*iftNOKiAONM«lNONONNM  *  K  T  T.  **  £  **  ^  52  —  —  —  £  ** 
g-.N-N-wNM--  NnmmN-mNNNnomNmnNNm— N««N --NNN«N--Nm--Nm 


ONP>a  •.•OiAoannMNOaOfinfiNrao 
rMl>N-i/i«aaaniONaio-aaONNa«N 
f.  N»-tr®Oi/iinaann»iMoifiinn-o?3« 
n  n  N  ri  W  M  r  •  f  K  J  W  fJ  N  N  N  Ol  (Vi  N  f.'  N  N  w  - 


aoMaonNhoonoaONotf 

•  fiNNaj»aaaio«*iB«(NONr 
eBQoscofNrMnrxartMisjfiQjfara.a1 

—  NM  —  —  (vfg  —  fg„  (Vi— Ig  —  —  —  « 


OaMONamina  OOaaOlAOlArOONNlAf 
onli«*nNOPiifln  n-iNfiinwnaoa-tao 
..-fioaioa  qc  •  oon  fa  m«  os  os  a 

(SIM 


CO**.  V’  'a- 

—  kw  n 

*-  «  a:  <  — 

<  a*  Z  *► 

a 


< X  N-4cNoaNM4aaNoaMtinaNao»««oinaNnaoKNoowaMoaanNaoM«aMO  •  o'*a»fasoinri*j»«raio«n 

« ■  (tv  i'>ou,ii*|0«A\Buir>aaaaNtjiviN>s<NMi_-.-c  aof,9N«  aooopsrootAonaoaNtvKKNN  Koau)«o«AOvDOoainiAiAifi 

:•■  t  IJ.sl'i  if.  inim  m  mm_mmmmmmmmmmmm 


FIGURE  8  HIGH  RESOLUTION  FIMS  DATA  OF  TEST  MIX  2 


Table  5 

COMPOSITION  OF  TEST  MIX  2  AND 
RELATIVE  FIELD  IONIZATION  EFFICIENCIES  OF  ITS  CONSTITUENTS 


z 

Compound 

NW 

Amount  In 
Mixture 
(mmol) 

Relative  Field 
Ionization 
Efficiency 

+2 

n-Decane 

142 

1.00 

0.27 

n-Dodecane 

170 

1.02 

0.35 

n-Tetradecane 

198 

1.02 

0.32 

n-Hexadecane 

226 

1.02 

0.40 

Elcosane 

282 

1.00 

0.37 

0 

Ethyl eye lohe  xane 

112 

1.05 

0.32 

n-Butylcyclohexane 

140 

1.06 

0.49 

n-Hexylcyclohexane 

168 

1.01 

0.58 

n-Octylcyclohexane 

196 

0.97 

0.60 

n-Decyl cyclohexane 

224 

0.99 

0.66 

n-Trldecylcyclohexane  266 

0.97 

0.61 

-2 

Decalin 

138 

0.98 

0.57 

Dicyclohexane 

166 

1.04 

0.69 

-4 

Adamantane 

136 

1.01 

0.56 

-6 

P-Xylene 

106 

0.95 

0.70 

n-Propylbenzene 

120 

0.94 

0.70 

Diethylbenzene 

134 

1.04 

1.00 

n-Pentylbenzene 

148 

1.01 

0.97 

1 -Phenylhexane 

162 

1.03 

1.02 

1-Phenylheptane 

176 

1.02 

1.00 

1-Phenyloctane 

190 

1.02 

1.04 

1-Phenylnonane 

204 

1.00 

0.94 

1-Phenyldecane 

218 

1.01 

0.94 

1-Phenyldodecane 

246 

1.02 

0.89 

1-Phenyltridecane 

260 

0.99 

0.85 

-8 

Indane 

118 

1.00 

0.81 

Tetralln 

132 

1.03 

0.91 

-12 

Naphthalene 

128 

1.01 

1.48 

2-Methylnaphthalene 

142 

0.99 

1.24 

2-Ethylnaphthalene 

156 

0.98 

1.13 

-14 

Biphenyl 

154 

1.01 

1.45 

4-Phenyl toluene 

168 

1.01 

1.61 

Dimethylblphenyl 

182 

1.0) 

1.55 

D1 pheny lpropane 

196 

0.96 

1.14 
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CONCLUSIONS 


Work  performed  under  this  contract  demonstrates  the  applicability  of 
high  resolution  FIMS  as  a  powerful  technique  for  the  chemical  characteri¬ 
zation  of  middle  distillate  fuels*  Most  of  the  problems  with  the  spectro¬ 
meter  have  been  remedied,  and  the  instrument  has  been  operating  on  a  routine 
basis.  The  only  weak  point  in  the  entire  system  appears  to  be  the  heated 
batch  inlet  system.  The  sample  holder  must  be  bolted  onto  the  main  body 
each  time  a  new  sample  is  introduced,  and  a  user  is  never  certain  of  a  leak- 
free  connection  until  after  the  freeze-pump  cycle,  during  which  time  some  of 
the  volatiles  may  be  lost  in  evaporation.  Moreover,  the  batch  inlet  has 
several  metal  parts  where  certain  fuel  components  may  be  selectively 
adsorbed  or  undergo  chemical  transformation — resulting  in  faulty  analysis. 

An  all-glass  batch  inlet,  which  uses  optical  flat  plates  for  attaching  the 
sample  holder,  is  clearly  desirable,  but  the  cost  of  a  commercial  unit  is 
quite  prohibitive.  We  have  been  exploring  other  possible  inexpensive 
alternatives,  such  a  purchasing  the  optical  flats  and  constructing  the 
remaining  setup  at  SFI. 

An  all  glass  batch  inlet,  while  desirable,  is  certainly  not  essential 
to  the  successful  completion  of  the  remaining  tasks.  With  the  present 
arrangement  replicate  analyses  show  a  variation  of  less  than  20%  for  most  of 
the  peaks.  We  have  determined  the  relative  field  ionization  efficiencies 
for  most  of  the  commonly  occurring  hydrocarbons  in  these  fuels.  However,  we 


have  not  yet  incorporated  these  factors  in  the  computer  program  that 
generates  the  z-series  analyses.  We  plan  to  do  this  in  the  near  future  and 
then  begin  analysis  of  the  various  fuel  samples  submitted  to  us  by  the  Naval 
Research  Laboratory. 
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